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Highlights  
 
 Family Rhabdoviridae is comprised of thirteen genera 
 Rhabdoviruses are mostly enveloped and infect ecologically diverse hosts 
 Rhabdovirus negative-sense RNA genome has five canonical structural protein genes 
 Rhabdovirus genomes may contain additional ORFs encoding putative accessory 
proteins 
 Diverse genome structure may guide taxonomic resolution at genus and species levels  
 
Abstract 
The family Rhabdoviridae consists of mostly enveloped, bullet-shaped or bacilliform viruses with a 
negative-sense, single-stranded RNA genome that infect vertebrates, invertebrates or plants. This 
ecological diversity is reflected by the diversity and complexity of their genomes. Five canonical 
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structural protein genes are conserved in all rhabdoviruses, but may be overprinted, overlapped or 
interspersed with several novel and diverse accessory genes. This review gives an overview of the 
characteristics and diversity of rhabdoviruses, their taxonomic classification, replication mechanism, 
properties of classical rhabdoviruses such as rabies virus and rhabdoviruses with complex genomes, 
rhabdoviruses infecting aquatic species, and plant rhabdoviruses with both mono- and bipartite genomes. 
 
Key words: Rhabdovirus; Negative-sense RNA virus; Genome organization; Diversity; Replication; 
Taxonomy. 
 
1. Introduction – Properties and diversity of rhabdoviruses 
Rhabdoviruses are a large and ecologically diverse group of viruses, which infect terrestrial and 
aquatic vertebrates, invertebrates and plants. They include many pathogens of significance to public 
health, agriculture and fisheries (Dietzgen and Kuzmin, 2011). The majority of rhabdoviruses are 
transmitted by arthropods to vertebrate or plant hosts, but lyssaviruses (e.g. rabies virus) and 
novirhabdoviruses (e.g. infectious hematopoietic necrosis virus) have evolved to circulate among 
vertebrates without a biological vector, and sigmaviruses (e.g. Drosophila melanogaster sigma virus) are 
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congenitally transmitted in fruit flies.  High throughput host genome sequencing has revealed the 
integration of rhabdovirus-like elements into the genomes of some arthropods and plants (Ballinger et al., 
2012; Fort et al., 2012; Chiba et al., 2011; Katzourakis and Gifford, 2010; Li et al., 2015), suggesting an 
ancient evolutionary origin and long-standing association of rhabdoviruses with their hosts.   
Rhabdoviruses are taxonomically classified in thirteen genera in the family Rhabdoviridae, order 
Mononegavirales, which also includes families Bornaviridae, Filoviridae, Paramyxoviridae and recently 
established Nyamiviridae (Dietzgen et al., 2011; Walker et al., 2015). The name is based on their 
characteristic shape and derived from the Ancient Greek word rhabdos meaning “rod or wand”. Classic 
rhabdoviruses typified by vesicular stomatitis virus (VSV) and sonchus yellow net virus (SYNV) form 
characteristic bullet- or cone-shaped (animal host; Ge et al., 2010) or bacilliform (plant host; Jackson et 
al., 2005) enveloped virions that contain non-segmented, negative-sense, single-stranded (ss) RNA 
genomes of 11–16 kb in length (Figs. 1 and 2). Virions range in size from 100 to 430 × 45 to 100 nm. The 
basic genome organisation shared by all rhabdoviruses includes five canonical genes that encode (from 3’ 
to 5’) the nucleoprotein (or nucleocapsid protein, N), phosphoprotein (P), matrix protein (M), 
glycoprotein (G) and large protein (L, RNA-dependent RNA polymerase) (Fig. 2). This group of 
structural protein genes is flanked by regulatory 3’ leader and 5’ trailer sequences that show terminal 
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complementarity and contain promoter sequences to initiate replication. The individual genes are flanked 
by conserved transcription stop and start signals separated by short untranscribed intergenic sequences 
(Dietzgen and Kuzmin, 2012). The infectious nucleocapsid core [a ribonucleoprotein (RNP) complex], 
which is active in transcription and replication, consists of the genomic RNA that is always tightly 
associated with N protein, together with P and L proteins. M protein is responsible for condensation of 
RNP complex during virion assembly at the host plasma membrane, and the transmembrane spike protein 
G likely plays an important role in assembly, budding and host cell entry (Dietzgen and Kuzmin, 2012).  
Rhabdovirus genomes are diverse and often complex because the five canonical genes may be 
overprinted, overlapped or interspersed with a range of novel accessory genes, such that the number of 
genes range from 5-10 or more (Walker et al., 2011; 2015; Fig. 3). Among RNA viruses, rhabdovirus 
genomes have an unusual capacity for plasticity and appear to have frequently acquired and lost new 
genes during evolution (Walker et al., 2015). Furthermore, two groups of plant-infecting rhabdoviruses 
(genera Dichorhavirus and Varicosavirus) were recently found to have a divided genome with the L gene 
located on a separate RNA segment (Dietzgen et al., 2014; Kormelink et al., 2011). For other reviews on 
rhabdoviruses see Blondel et al. (2015), Walker et al. (2011), Dietzgen and Kuzmin (2011), Dietzgen et al. 
(2011), Ammar et al. (2009) and Jackson et al. (2005).  
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2. Taxonomic classification – past, present and future 
Rhabdovirus taxonomy is evolving rapidly in an effort to incorporate ever-increasing numbers of new 
viral sequences obtained through high throughput technologies and to harmonize classifications across 
genera and families in the order Mononegavirales. In the 9th report of the International Committee on 
Taxonomy of Viruses (ICTV) the family Rhabdoviridae comprised six genera (Dietzgen et al., 2011). In 
the 2015 Taxonomy Release [http://www.ictvonline.org/virusTaxonomy.asp], thirteen genera were 
recognised: Cytorhabdovirus, Dichorhavirus, Ephemerovirus, Lyssavirus, Novirhabdovirus, 
Nucleorhabdovirus, Perhabdovirus, Sigmavirus, Sprivivirus, Tibrovirus, Tupavirus, Varicosavirus and 
Vesiculovirus (Fig. 4). Among these, in the recently recognized Dichorhavirus and Varicosavirus genera 
(Afonso et al., 2016; Adams et al., 2016) for the first time, virus species containing plant-infecting 
negative-sense ssRNA viruses with bipartite genomes have been classified as rhabdoviruses based on 
significant genome sequence identities with nucleo- and cytorhabdoviruses, respectively. Furthermore, 
binomial species names that indicate which genus the species belongs to have been introduced for all 
rhabdovirus species, to facilitate easier differentiation between virus names and the names of taxonomic 
species these viruses are classified in (Afonso et al., 2016; Adams et al., 2016). For example, rabies virus 
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is a virus in the species Rabies lyssavirus, and potato yellow dwarf virus is a virus in the species Potato 
yellow dwarf nucleorhabdovirus. Based on the recent large-scale discovery and analysis of vertebrate and 
arthropod rhabdoviruses, several new genera have been proposed (e.g. Almendravirus, Bahiavirus, 
Curiovirus, Hapavirus, Ledantevirus, Sawgravirus and Sripuvirus) (Walker et al., 2015; Longdon et al., 
2015; Li et al, 2015) (Fig. 4).  
 
3. Replication, transcription and translation 
The rhabdovirus replication mechanism is almost universal across the family. Replication mechanisms of 
some plant-infecting rhabdoviruses differ slightly due to the plant cell environment and the establishment 
of replication factories in the nucleus (rather than the cytoplasm) for nucleorhabdoviruses and 
dichorhaviruses. Otherwise, the universal pathway of the cytoplasmic replication cycle follows (i) cell 
entry, facilitated by clathrin-mediated or receptor-binding endocytosis (or vector-mediated penetration of 
the plant cell wall); (ii) uncoating; (iii) transcription and translation; (iv) genome replication and 
encapsidation; and (v) assembly and release (budding). Fusion of endocytosed virus with endosomes and 
its subsequent lysis releases the RNP complex into the cytoplasm allowing for the initiation of early 
transcription and replication events. A critical step in this process is the dissociation of the M protein 
 8 
from the nucleocapsid (Mire et al., 2010), which is required for the initiation of viral transcription 
(Clinton et al., 1978; Pal et al., 1985) also called primary transcription. The term denotes the short nature 
of transcription from parental templates as opposed to subsequent prolonged transcription events from 
progeny templates (secondary transcription) following genome replication. Transcription of the negative-
stranded genome is facilitated by a transcriptase complex and occurs progressively on a decreasing molar 
gradient based on gene distance from the genomic 3’ end (for example, NPMGL) (Fig. 2). 
The relative abundance of each viral mRNA and thus each protein is regulated by the disassociation of 
the transcriptase from the RNA template once it reaches the respective gene transcription termination 
polyadenylation (TTP) signal at the end of each viral gene. This stop-start (‘stuttering’) sequential gene 
transcription mechanism is governed by the interaction of cis-acting signals (e.g. TTP) located on the 
genome template and the transcriptase complex (Abraham and Banerjee 1976). The cis-acting signals are 
well conserved with some minor variations (Walker et al., 2015). In canonical genome architectures each 
gene junction consists of conserved sequence motifs, originally identified for vesicular stomatitis viruses 
as (i) a TTP (3’-AUACUUUUUUU-5’), whose function is to polyadenylate and terminate the upstream 
mRNA (Rose 1980; Barr et al., 1997a; Hwang et al., 1998); (ii) a non-transcribed intergenic dinucleotide 
(G/CA)(Rose 1980; Stillman and Whitt, 1997; Barr et al., 1997b); and (iii) a transcription initiation (TI) 
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pentanucleotide sequence (3’-UUGUC-5’)(Rose 1980), whose function is to initiate, cap and methylate 
the down stream mRNA. Exception to this mechanism is observed in the initiation of transcription 
between the 3’ leader sequence and the N gene. The leader is encoded by the 3’-terminal nucleotides of 
the genome (47 nt for VSIV) that lack the U7 sequence, resulting in transcription of a short leader RNA 
that lacks a polyA tail and cap (Whelan and Gertz, 1999) (Fig. 2).  The leader sequence primary function 
is to serve as promoter for the initiation of RNA synthesis, whereas its newly synthesised complementary 
sequence facilitates the encapsidation of nascent RNA, thus allowing transcriptional read-through to 
generate full-length complementary genomes (i.e. antigenomes). Thus there are two possible outcomes 
for the polymerase complex at the end of each gene junction: (i) either traverse the intergenic dinucleotide 
and initiate again at the TI motif of the downstream gene; or (ii) dissociate from the RNA template at the 
gene junction resulting in an apparent attenuation of the downstream gene and its protein expression, as a 
function of each gene’s distance from the 3’end of the genome (Iverson and Rose, 1981; reviewed in: 
Lyles et al., 2013). 
The production and accumulation of the virally encoded proteins signals a switch in the polymerase 
function, from viral mRNA transcription to genome replication, in which N plays a critical role. An 
essential step in the viral replication of the nascent positive-sense genome (antigenome) relies on its 
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encapsidation, a process facilitated by cis-acting conserved sequences located on the 3’ ends of viral 
genome and antigenome (Whelan and Wertz, 1999; Li and Pattnaik, 1999).  Additionally, N and P 
proteins are critical in promoting genome replication, as the N/P complex provides the structural and 
chaperone support for the nascent RNA to bind via sugar-phosphate interactions to the N protein 
(Albertini et al., 2006). The bound antigenome will then function as template for the synthesis of 
encapsidated negative-sense genomes, which will be assembled into progeny virions. 
Virion assembly is a staggered process where the various components [nucleocapsid core (RNP), G 
and M proteins] are sequestered in different cellular compartments and converge in the final steps of the 
process. The nucleocapsid is assembled during RNA replication in the cytoplasm, as is observed for 
members of the genera Vesiculovirus, Lyssavirus, Ephemerovirus and Novirhabdovirus. Viral G protein is 
inserted into the endoplasmic reticulum where chaperones (BiP and calnexin)(Hammond and Helenius, 
1994) facilitate its proper folding and assembly into trimers (Doms et al., 1988), prior to transport and 
fusion into the Golgi complex. As it traffics through the cell it undergoes further posttranslational 
modifications including glycosylations (Schmidt and Schlesinger, 1979), prior to its transport to 
cholesterol- and sphingolipid-rich lipid rafts in the baso-lateral plasma membrane. M protein is 
synthesized mostly as a soluble protein in the cytoplasm (McCreedy et al., 1990) and is also membrane 
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bound, albeit at lower amounts (Ogden et al., 1986). However both forms of the M protein are recruited 
for assembly of nucleocapsid/M complexes at the host plasma membrane from where virions will bud 
(Odenwald et al., 1986). This budding process is facilitated by the interaction of M with host-encoded 
proteins responsible for the formation of multivesicular bodies (MVB), and their release from the plasma 
membrane (Harty et al., 2001). 
 
4. ‘Classical’ vertebrate rhabdoviruses 
For historical reasons any reference to classical vertebrate rhabdoviruses denotes members of the genera 
Vesiculovirus and Lyssavirus, represented by the prototype species vesicular stomatitis Indiana virus 
(VSIV) and rabies virus (RABV), respectively. Vesiculoviruses have a wide host range among mammals 
and are transmitted by hematophagous insects (sandflies and/or mosquitoes). Lyssaviruses utilize mostly 
bats as their principal reservoir hosts as well as various terrestrial carnivores as terminal hosts.  Viruses of 
each genus form a monophyletic clade in a maximum likelihood (ML) tree inferred from complete L 
protein sequences (Dietzgen et al., 2011; Walker et al., 2015). Structurally both demonstrate the classic 
rhabdovirus enveloped bullet-shaped virions (Fig. 1) packaging a genome consisting of five genes (3’-N-
P-M-G-L-5’), each separated by a short gene junction (intergenic region), and flanked by highly 
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conserved 3’ leader (le) and 5’ trailer (tr) sequences (Fig. 3). In vesiculoviruses the P gene mRNA 
contains 2 additional alternate start codons that initiate translation at alternative open reading frames 
(ORFs) that encode two small basic proteins C and C’ (55-aa and 65-aa, respectively) of unknown 
function (Spiropoulou and Nichol, 1993; Peluso et al., 1996). Suppression of C/C’ expression has no 
apparent effects in virus replication or pathogenicity in vivo (Kretzschmar et al., 1996). Of note is that not 
all members of the genus express alternative ORFs in P [e.g. vesicular stomatitis Alagoas, Maraba, 
Malpais Spring, Morreton viruses] (Walker et al., 2015), and additional ORFs (≥ 150 nt) may be present 
in alternative reading frames in other genes than P (Walker et al., 2015). 
For a long time lyssaviruses were considered antigenically unique represented by various RABV 
isolates. However the discovery of other RABV-like viruses in expanded geographic regions of the globe 
allowed initially the establishment of the genus Lyssavirus, followed by its demarcation into four distinct 
groups anchored by RABV, Lagos bat, Mokola and Duvenhage viruses, based solely on their serological 
relationships. The advent of Sanger sequencing permitted the determination of lyssavirus genetic 
signatures, thus allowing phylogenetic relationships to be further refined and their classification into the 
currently recognized 11 species was aided by a number of species demarcation criteria including genetic 
distances, phylogenies, antigenic relationships and biological properties (Lyles et al, 2013). 
 13 
Vesiculoviruses have been classified into 10 species using similar criteria (Dietzgen et al., 2011). The 
massive generation of sequencing data based on new technologies (Walker et al., 2015) and the need for 
consistency across taxa necessitates refinement of these criteria. This will undoubtedly recalibrate the 
richness of vesiculovirus diversity in the future (Peter Walker, personal communication). 
While the level of diversity within the family Rhabdoviridae is being realized at an unprecedented rate 
due to new detection and sequencing methods (e.g. next generation sequencing, metagenomics), reverse 
genetics of the prototype vesiculoviruses (Schnell et al., 1994; Whelan et al., 1995) allowed exploration 
of rhabdovirus plasticity and evolution at the genetic level, as well as an understanding of the factors 
influencing gene expression and molecular and cellular basis of pathogenesis, and their use as vaccine 
delivery vehicles (reviewed in: Whitt et al., 2016). The error-prone nature of their RNA-dependent RNA 
polymerase results in the generation of a rich diversity of genetic variants following each replication 
cycle, which are subject to adaptation due to selective pressures under different conditions, such as 
alternative hosts (vector vs vertebrate) during the course of their natural transmission (Novella et al., 
2010; Novella et al., 2011; Wasik et al., 2016). Similarly recombinant RABVs with targeted mutations in 
P gene demonstrated its critical role in suppression of interferon signaling through blocking the 
interaction of the transcription factor IRF-3 (interferon regulatory factor 3) with two cell-expressed 
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protein kinases (Brzozka et al., 2005), ultimately altering pathogenesis in vivo (Rieder et al., 2011). On 
the other hand, recombinant VSVs were critical in demonstrating the role of M in inhibiting host gene 
expression without affecting virus assembly, a process facilitated through the formation of complexes 
with the mRNA export factor Rae1 (Faria et al., 2005), which interferes with the function of downstream 
factors (Connor et al., 2006) essential for host gene expression. 
 
5.   Vertebrate rhabdoviruses with complex genomes 
Several of the currently recognized genera within the family Rhabdoviridae show associations with a 
dominant group of vertebrate hosts, such as the ephemeroviruses and tibroviruses that are hosted by cattle, 
with many viruses either isolated from cattle and/or from mosquitoes or biting midges that feed on cattle 
(Walker 2005; Gubala et al., 2011). Others like the recently designated ledanteviruses (Blasdell et al., 
2015), not only exhibit a strong ecological association with bats, but also a broader natural host 
specificity (e.g. ungulates, rodents and humans) suggesting spill over from their natural reservoir. A 
recent landmark study extended the range of the known rhabdovirus genome complexity to include 
viruses in proposed new genera Hapavirus, Ledantevirus and Sripuvirus among others (Walker et al., 
2015). While the canonical genome organization of the prototype rhabdoviruses features the five ORFs 
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arranged in the order 3’-N-P-M-G-L-5’, rhabdovirus genomes may also be more complex and contain 
additional ORFs encoding putative proteins of unknown function. These may occur in alternative and/or 
overlapping ORFs within the major structural protein genes or as independent ORFs flanked by TI or 
TTP sequences in the regions between the structural protein, some of which may have arisen by gene 
duplication. 
 Ephemeroviruses have among the largest genomes of all rhabdoviruses. The prototype virus, 
bovine ephemeral fever virus (BEFV) has a genome approximately 14.8 kb in length that contains 10 
genes separated by short intergenic regions (Walker 2005) (Fig. 3). Due to an apparent duplication of the 
viral G gene there is an additional gene for a non-structural glycoprotein (GNS) that has a significant 
amino acid sequence homology and is synthesized at same levels as the G protein, but it is not 
incorporated into the virion envelope and thus does not induce any antibody responses (Hertig et al., 
1996). GNS is followed by a viroporin gene (α1), probably encoding a viral ion channel protein, and 
several other accessory genes (α2, β and γ) (Walker et al., 2015). 
 Hapaviruses infect birds, reptiles or mammals and many have been isolated from culicine 
mosquitoes. They exhibit complex genomes, form a monophyletic group based on well-supported ML 
trees generated from complete L protein sequences and are anchored by the prototype Hart Park virus 
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(HPV) (Walker et al., 2015)(Fig. 3). In addition to the five canonical genes encoding the structural 
proteins, three long ORFs, U1, U2 and U3, with significant amino acid sequence homology with each 
other, are located in independent transcriptional units between the P and M genes (Walker et al., 2015).  
A fourth ORF lies within the G gene transcriptional unit and is thought to encode a class IA viroporin. 
Alternative long ORFs in different reading frames in the N gene, U3 gene and L gene are observed but 
may not be expressed as functional proteins due to poor Kozak context and distal location far from the 
start of their transcriptional units (Walker et al., 2015). Ngaingan virus (NGAV) has the longest genome 
of any rhabdovirus described to date (Gubala et al., 2010) with 15,764 nt containing 13 genes. Three of 
the eight additional ORFs are located in two transcriptional units between the P and M genes, and another 
lies in a transcriptional unit between the M and G genes, likely encoding a unique protein of unknown 
function. Additionally, there are four ORFs between the G and L genes, including GNS, which encodes a 
class I transmembrane protein that is related in sequence to the NGAV G protein and the G proteins of 
other rhabdoviruses, ORFs likely encoding two unique proteins of unknown function, and a viroporin-like 
protein. Lastly, alternative ORFs are present within the P and M genes, but likely are not expressed due to 
poor Kozak context and distal location far from the start of their transcriptional units (Walker et al., 2015).     
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 Ledanteviruses infect humans, rodents, and ungulates, may be vectored by arthropods and have a 
strong association with bats, suggesting spill over from their natural reservoir (Blasdell et al., 2015; 
Walker et al., 2015). They are anchored by the prototype Le Dantec virus (LDV), whose genome 
comprises the five canonical structural protein genes, an additional transcriptional unit (U1), encoding a 
small protein between the G and L genes, and a small ORF that occurs in an alternative reading frame in 
the N gene, which likely is not expressed (Fig. 3).  
 Tibroviruses infect ungulates and are anchored by the prototype Tibrogargan virus (TIBV). 
Members of the genus Tibrovirus share the same unique genome organisation comprising five genes 
encoding the canonical rhabdovirus structural proteins and three additional genes encoding ORFs (U1, U2 
and U3)(Fig. 3). ORF U1 and ORF U2 encode small proteins of unknown function, whereas ORF U3 
encodes a small viroporin-like protein (Walker et al., 2015). Each ORF lies within an independent 
transcriptional unit bounded by consensus TI and TTP sequences. 
While the genus Tupavirus consists of only three species, Tupaia tupavirus, Durham tupavirus  and 
Klamath tupavirus (Allison et al., 2011; Johnson 1965; Kurz et al., 1986; Walker et al., 2015), 
tupaviruses are characterized by their extensive geographic distribution and host range. The genome of 
the prototype Tupaia virus (TUPV) includes in addition to the five genes encoding the canonical 
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rhabdovirus structural proteins, an alternative ORF in the P gene and an ORF encoding a small 
hydrophobic protein located in an independent transcriptional unit between the M and G genes, as 
observed among vesiculoviruses (Fig. 3). Uniquely amongst tupaviruses, Klamath virus also contains an 
additional ORF encoding a small protein (U2) within an independent transcriptional unit between the G 
and L genes. Although the functions of these novel genes are currently unknown, it has been speculated 
that some may play a role in enhancement of transcriptional activity, host pathogenicity or insect 
transmission (Allison et al., 2011; Kretzschmar et al., 1996; Peluso et al., 1996). 
The proposed genus Sripuvirus consists of five new species. Almpiwar, Chaco and Sena madueira 
viruses were isolated from reptiles, while Niakha and Sripur viruses were isolated from sandflies (Causey 
et al., 1966; McAllister et al., 2014; Monath et al., 1979; Vasilakis et al., 2013; Walker et al., 2015). 
Sripuvirus genomes are anchored by the prototype Sripur virus (SRIV), are similar in size and contain 
multiple ORFs encoding likely accessory proteins (Fig. 3). In addition to the five canonical rhabdovirus 
genes encoding the structural proteins, sripuvirus genomes also feature six other ORFs. Two reside within 
alternative reading frames in the N gene, encoding small proteins which likely are not expressed due to 
poor Kozak context and distal location far from the start of their transcriptional units (Walker et al., 2015). 
U1 resides as an independent transcriptional unit between the N and P genes, whereas Px resides within 
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an alternative reading frame near the start of the P gene. Interestingly, the Mx resides within the M gene 
with its initiation codon overlapping the termination codon of the M gene. Gx resides within an 
alternative ORF near the start of the G gene, encoding a small double-membrane-spanning protein likely 
expressed by ‘leaky’ ribosomal scanning (Walker et al., 2015)(Fig. 3). 
The genome complexity and plasticity observed in the genera described above reiterates the richness 
and diversity of the family Rhabdoviridae and suggests that different mechanisms may drive their 
genome expansion and evolution. These mechanisms may include: (i) function acquisition and rapid 
adaptation, (ii) gene duplication, (iii) loss of redundant ORFs through mutation, and (iv) deletion of 
redundant genome sequences followed by optimization of gene expression levels. A comprehensive 
overview of these mechanisms is presented in Walker et al. (2015). 
 
6.   Rhabdoviruses in aquatic systems 
Rhabdoviruses of aquatic hosts (reviewed in Kurath and Winton, 2008) include important fish pathogens 
in three genera: Novirhabdovirus, Sprivivirus, and Perhabdovirus (Dietzgen et al., 2011).  To date these 
genera contain only viruses of finfish hosts, and there are no fish viruses in other rhabdovirus genera. Due 
to the poikilothermic (cold-blooded) nature of their hosts, these viruses have temperature optima ranging 
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from 15-25°C.  In addition to these distinguishing ecological factors, genera of fish rhabdoviruses differ 
from other rhabdovirus genera, and from each other, by genetic divergence levels and placement of their 
constituent viruses in strongly supported monophyletic clades in phylogenetic analyses of both nucleotide 
and amino acid sequences.  All viruses in these three genera have non-segmented negative-sense ssRNA 
genomes of approximately 11,000 nt.  They are transmitted horizontally as waterborne viruses, and from 
parent to offspring as egg-associated viruses, without requiring a vector.  They have been well studied 
due to the long history of severe disease impacts caused by some fish rhabdoviruses in freshwater and 
marine fish farms, netpen aquaculture, and conservation fish hatcheries.  In the Aquatic Animal Health 
Code of the International Organization for Animal Health, (World Organization for Animal Health, 2014) 
fish rhabdoviruses cause three of the ten globally reportable aquatic diseases:  infectious haematopoietic 
necrosis, viral haemorrhagic septicaemia, and spring viraemia of carp.     
 The Sprivivirus and Perhabdovirus genera currently have 2 and 3 viral species, respectively, and 
each species includes numerous viruses, mostly isolated from fish in Asia and Europe, including the 
United Kingdom (reviewed in Stone et al., 2013).  Spriviviruses infect primarily freshwater fish species in 
the order Cypriniformes (e.g. common carp), and perhabdoviruses have broader host ranges, infecting 
many diverse species. The genomes of spriviviruses and perhabdoviruses are comprised of the conserved 
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five canonical rhabdovirus genes and their genome organization, including transcription start and stop 
signals, is very similar to that of mammalian vesiculoviruses (Fig. 3). They are also most closely related 
to vesiculoviruses in phylogenetic analyses (Fig. 4).  Indeed, the type species of the Sprivivirus genus, 
Spring viraemia of carp virus (Carp sprivivirus), was formerly classified in the Vesiculovirus genus until 
sequences of additional fish viruses revealed the two clearly distinct monophyletic groups comprising 
these fish rhabdovirus genera (Stone et al., 2013). Spring viraemia of carp viruses (SVCV) cause severe 
disease in farmed carp in Europe and Asia, and are reviewed in Ahne et al. (2002). 
 The Novirhabdovirus genus includes viruses in four species that differ in both geographic and 
host range (Leong and Kurath, 2012). Infectious haematopoietic necrosis viruses (IHNV) infect primarily 
salmon and trout species in the fish order Salmoniformes, and originated in western North America 
(Bootland and Leong, 2011).  In contrast, viral haemorrhagic septicaemia viruses (VHSV) have an 
extremely broad host range, infecting over 60 host species from diverse taxonomic families, comprising a 
large marine fish reservoir in both the north Atlantic and north Pacific oceans (Skall et al., 2005; Smail 
and Snow, 2011). Viruses of the other two novirhabdovirus species occur in Asia, where hirame 
rhabdoviruses (HIRRV) infect cultured hirame (olive flounder), and snakehead virus has been less well 
characterized (Leong and Kurath, 2012).  Novirhabdovirus genomes differ from those of the viruses in 
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other fish rhabdovirus genera in having an additional gene encoding a non-virion (NV) protein between 
the G and L genes (Kurath and Leong, 1985; Kurath et al., 1997) (Fig. 3).  The NV protein is expressed at 
low levels in infected cells (Schuetze et al., 1996), where it localizes to the nucleus and interferes with the 
host interferon response (Choi et al., 2011), as well as it triggers apoptosis (Ammayappan and Vakharia, 
2011).  Despite having a virion structure, genome organization, and sequence similarities clearly related 
to those of other rhabdoviruses, novirhabdoviruses fall phylogenetically far basal to the other genera, 
confirming their separation from the other fish rhabdovirus genera, and potentially indicating an ancestral 
role in the evolution of the rhabdovirus family (Fig. 4).   
 Due to the economic impact of IHNV, VHSV, and SVCV, routine surveillance for these viruses 
is conducted in cultured host populations, and molecular epidemiology is a valuable tool for fish health 
management (Breyta et al., 2016; Emmenegger et al., 2011; Jonstrup et al., 2009).  Local, regional, and 
global phylogenies have revealed sources of disease outbreaks, virus transmission routes, virus 
emergence events and host jumps (e.g. Einer-Jensen et al., 2004; Enzmann et al., 2010; Kurath et al., 
2003; Kurath, 2012; Nishizawa et al., 2006). Virus traffic between wild and cultured fish populations has 
also been documented, and risk factors for potential virulence evolution in aquaculture have been 
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described (Kennedy et al., 2016; Kurath and Winton 2011). Genotyping of virus strains has confirmed 
global spread of fish rhabdoviruses due to aquaculture (reviewed in Kurath, 2012).  
 In laboratory studies fish viruses are investigated using cultured fish cell lines and in in vivo 
infection experiments in numerous fish host species.  The host immune response to fish rhabdovirus 
infection consistently shows both rapid, strong innate immunity based on stimulation of interferon-related 
genes, and adaptive immunity based on antibody and cellular defences (Purcell et al., 2012; Verrier et al., 
2011).  An interesting aspect of host immunity is the dramatic effect of temperature, which impacts both 
virus replication and persistence, and the speed of the immune response in poikilothermic hosts.  
Numerous vaccines have been investigated for protection against IHNV, VHSV, SVCV, and HIRRV 
(reviewed in Winton, 2007). DNA vaccines containing the viral glycoprotein gene have been shown to be 
highly efficacious for IHNV, VHSV, and HIRRV, providing relative survival rates greater than 90% in 
numerous studies (Kurath, 2008; Lorenzen and LaPatra, 2005; Takano, 2004). Due to their consistent 
high efficacy the VHSV and IHNV DNA vaccines have also been studied extensively as models for DNA 
vaccines in vertebrate hosts (Kurath et al., 2007; Lorenzen et al., 2002).  
 In other laboratory work a research model for in vivo viral fitness and competition studies has 
been developed based on IHNV in rainbow trout (Troyer et al., 2008; Wargo et al., 2011).  Reverse 
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genetics systems have been developed for viruses in three of the four novirhabdovirus species, facilitating 
investigation of questions such as the role of the accessory NV gene, and determinants of virulence and 
host-specificity (Johnson et al., 2000; Biacchesi et al., 2000; Ammayappan et al., 2011).  These studies 
have shown great flexibility of fish rhabdovirus genomes, such that gene exchanges between different 
viruses reliably generate viable chimeric viruses, and foreign genes can be inserted and expressed for 
various purposes (reviewed in Biacchesi, 2011).  In a particularly interesting study a recombinant IHNV 
carrying a reporter luciferase gene was used to infect fish, and bioluminescence imaging on the living fish 
revealed that the fin bases were a major portal of viral entry (Harmache et al., 2006). Thus aquatic 
rhabdoviruses are both important veterinary pathogens and models for basic studies of rhabdovirus 
biology at the molecular and landscape levels. 
 
7.   Monopartite plant rhabdoviruses: Cyto- and nucleorhabdoviruses 
Classic plant rhabdoviruses, like the majority of viruses in the family Rhabdoviridae have a non-
segmented negative-sense ssRNA genome. They have been taxonomically separated into the genera 
Cytorhabdovirus and Nucleorhabdovirus based on their site of replication and morphogenesis in the 
cytoplasm or nucleus of infected plant cells, respectively (Fig. 5). This classification based on 
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cytopathology has been confirmed by phylogenetic studies of available genome sequences. The biology 
of plant rhabdoviruses including ecology, cytopathology, vector associations, particle structure, genome 
organization and genetic variability have been described in a comprehensive review by Jackson et al. 
(2005).  
Since then, the number of completely sequenced genomes has increased to 8 and 9 for cyto- and 
nucleorhabdoviruses, respectively. A series of plasmid vectors for transient agrobacterium-mediated 
expression of autofluorescent protein fusions and confocal microscopy have allowed comparative studies 
of intracellular localisation and interactions of rhabdoviral proteins in planta (e.g. Bandyopadhyay et al., 
2010; Martin et al., 2012). These studies revealed essential protein-protein interactions like N:P that were 
observed for all studied rhabdoviruses, as well as interactions unique to a particular virus, and allowed the 
construction of specific interactome maps. Additionally, expression of tagged proteins in the context of 
virus-infected cells has provided insight into the differential localization of viral proteins within nuclei. 
SYNV (a nucleorhabdovirus) P protein localizes to ring structures that appear to define the 
viroplasm/nucleoplasm border. The N protein localizes onto both viroplasm and membranes, while the G 
and M proteins are confined solely to membranes, consistent with their roles in morphogenesis (Goodin 
et al., 2007). It is important to note that different nucleorhabdoviruses can induce markedly different 
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cytological transformations. Infection by SYNV results in the formation of intranuclear spherules derived 
from the inner nuclear membrane, whereas potato yellow dwarf virus (PYDV) does so to a much lesser 
extent (Goodin et al., 2005). Similarly, the PYDV M protein induces intranuclear accumulation of the 
inner nuclear membrane when expressed alone (Bandyopadhyay, et al., 2010), an activity not observed 
with M proteins of other characterized plant-infecting rhabdoviruses. 
Cell-to-cell movement function of the presumed viral movement proteins (MP) (accessory gene 
located between P and M genes) has been demonstrated for both selected cyto- and nucleorhabdoviruses 
using heterologous movement trans-complementation assays (Huang et al., 2005; Mann et al., 2016a). A 
recent study showed that P3 of two cytorhabdoviruses localised to plasmodesmata, the intercellular 
cytoplasmic bridges that the cross cell walls between plant cells, and acted as 30K-superfamily-like MP 
requiring a conserved LxD/N50-70G motif. Furthermore, involvement of a host microtubule-associated 
transcription factor has been suggested in cell-to-cell movement of both a cyto- and nucleorhabdovirus 
(Min et al., 2010; Mann et al., 2016a). In fact, several host factors were identified as potentially playing 
critical roles in SYNV (a well studied nucleorhabdovirus) nucleocapsid export from the nucleus and cell-
to-cell transport by cytoplasm-tethered transcription activators (Min et al., 2010).  Regarding other 
accessary genes, three transcriptional units are present between the P and M genes of a cereal 
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cytorhabdovirus (barley yellow striate mosaic virus) and one of them has a second ORF that may encode 
a small hydrophobic (SH) protein, reminiscent of the SH proteins of several animal rhabdoviruses 
(Walker et al., 2015; Yan et al., 2015). 
Plant viruses including rhabdoviruses have evolved RNA silencing suppressors (RSS) to interfere 
with host RNA silencing defences (Csorba et al., 2015). The P protein of a cytorhabdovirus, lettuce 
necrotic yellows virus, was recently identified as a local RSS that does not effect small-interfering RNA 
(siRNA) accumulation but that interacts with plant RNA silencing machinery proteins by inhibiting micro 
RNA-guided ARGONAUTE 1 cleavage and translational repression, as well as RNA-dependent RNA 
Polymerase 6 / Suppressor of Gene Silencing 3 (RDR6/SGS3)-dependent silencing amplification (Mann 
et al., 2016b). The P6 accessary gene product of a rice nucleorhabdovirus, rice yellow stunt virus, was 
also shown to have RSS activity. P6 did not interfere with local RNA silencing, but with systemic RNA 
silencing by affecting the function of RDR6 during secondary siRNA synthesis (Guo et al., 2013).  
The recent development of the first-ever reverse genetics system for a plant rhabdovirus provided a 
major technical breakthrough and a guide for the future study of other plant negative-sense ssRNA 
viruses (Ganesan et al., 2013; Wang et al., 2015; Jackson and Li, 2016).  It allowed the recovery of 
infectious recombinant virus (rSYNV) from agroinfiltrated plants and the generation of rSYNV stably 
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expressing a green fluorescent protein (GFP) reporter. Deletion analyses of rSYNV-GFP demonstrated 
the involvement of the sc4 (P3) protein in cell-to-cell movement and the importance of the G protein in 
virion morphogenesis (Wang et al., 2015).  
 
8. Bipartite plant rhabdoviruses: Dichorha- and varicosaviruses 
Within the Dichorhavirus genus, orchid fleck virus (OFV) and coffee ringspot virus (CoRSV) cause local 
chlorotic or necrotic spot symptoms (and/or systemic symptoms in some cases of OFV) in susceptible 
plant host species. They share several characteristics with nucleorhabdoviruses including nuclear 
cytopathological effects, structural protein composition, gene order, significant sequence identity and 
transcriptional mechanism, but they have a bipartite genome and their particles do not appear to be 
enveloped, although they may be found associated with host membranes (Dietzgen et al., 2014; Kondo et 
al., 2006; 2009; Ramalho et al., 2014). Dichorhaviruses have short bacilliform virions (40 × ~100–110 
nm) and their genomes consist of two negative-sense ssRNA segments. RNA1 (~ 6.4 kb) encodes 3’-N-P-
P3-M-G-5’ while RNA2 (~ 6.1 kb) encodes the L polymerase (Kondo et al., 2006; Ramalho et al., 2014). 
Both termini of each RNA segment are complementary, and all genes are separated by conserved 
intergenic regions, similar to other rhabdoviruses (Kondo et al., 2014). The proteins encoded by RNA1 
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appear to be nucleophilic based on in silico predictions, intracellular localisation of in planta expressed 
proteins and yeast nuclear import assays, suggesting viral replication in nuclear viroplasms, similar to 
nucleorhabdoviruses (Kondo et al., 2013; Ramalho et al., 2014). All known dichorhaviruses are 
transmitted by false spider mites (Brevipalpus spp.) in a persistent and probably propagative manner 
(reviewed in Dietzgen et al., 2014). OFV has been found worldwide due to the global exchange and trade 
of orchid plants. In contrast to OFV, CoRSV has been reported in only two countries, Brazil and Costa 
Rica (Bittancourt 1938; Chagas et al., 1981; Rodrigues et al., 2002). Whereas phylogenetic analysis of 
OFV showed little geographical relationship between isolates, genetic variation in CoRSV is largely 
dependent on the distance between collection sites (Ramalho et al 2016). This suggests that CoRSV-
infected plants are not transported across great distances in coffee producing areas (the virus is not seed-
transmitted), and that spread may be limited by short-range movement of the mite vectors. In support of 
the latter, evidence suggests that the population structure of CoRSV is likely defined by habitat expansion 
of thelytokous populations of its Brevipalpus vector (Ramalho et al., 2016).  
Citrus leprosis virus nuclear type (CiLV-N) and citrus necrotic spot virus appear to be strains of 
OFV based on 90% or higher genome sequence identity (Cruz-Jaramillo et al., 2014; Dietzgen et al., 
2014; Roy et al., 2015). By degradome sequencing, a distinct CiLV-N isolate was also found in a 
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herbarium citrus specimen from Florida in 1948 (Hartung et al., 2015). These citrus strains and all other 
known dichorhaviruses have been restricted to the Americas.  
In the Varicosavirus genus, lettuce big-vein associated virus (LBVaV) has non-enveloped, 
flexuous rod-shaped virions, 18 × 320–360 nm in size, which in electron micrographs appear similar to 
the nucleocapsid core of classic rhabdoviruses. LBVaV is transmitted by a soil-inhabiting chytrid fungus 
(Olpidium virulentus) and is distributed worldwide (Maccarone, 2013). This virus is frequently associated 
with lettuce big-vein disease that is caused by Mirafiori lettuce big-vein virus (a multi-segmented, 
negative-sense ssRNA virus, genus Ophiovirus). The LBVaV genome consists of two negative-sense 
ssRNA segments; RNA1 (6.7 kb) encodes a small ORF of unknown function and the L polymerase, 
whereas RNA 2 (6.1 kb) encodes the coat protein (CP, the N protein homolog) followed by 4 ORFs of 
unknown function thought to be equivalent to the plant rhabdoviral P, P3, M and G proteins (Kormelink 
et al., 2011; Walsh and Verbeek, 2011). The genome structure and transcription mechanism appears 
similar to the other rhabdoviruses with a moderate level of amino acid sequence identities in the CP/N 
and L proteins (Sasaya et al., 2004).  
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9. Rhabdovirus-like sequences in host genomes 
Several rhabdovirus-like sequences integrated into plant and arthropod genomes have been identified 
(Ballinger et al., 2012; Fort et al., 2012; Chiba et al., 2011; Katzourakis and Gifford, 2010; Li et al., 
2015), while no such sequences were detected in vertebrate genomes, despite the fact that several 
rhabdoviruses are able to infect vertebrates. In the case of plant genomes, at least four different types of 
rhabdovirus N protein-like sequences (RNLS1–4) have been identified (Chiba et al., 2011).  Plant RNLSs 
are phylogenetically related to the CP (or N protein) genes of members of the genus Varicosavirus or 
Cytorhabdovirus (Fig. 6). These findings provide an interesting insight into the origin and deep evolution 
of plant rhabdoviruses with mono- and bipartite genomes.  
 
10. Conclusions and Perspectives 
The rhabdoviruses comprise an extremely varied family of viruses that have successfully adapted and 
evolved to infect ecologically diverse hosts including mammals, birds, reptiles, fish and insects, and a 
wide array of both dicot and monocot plants.  Although they share common morphological features and a 
canonical gene organization encoding five structural proteins, rhabdovirus genomes may also exhibit 
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more complex organization and contain additional ORFs encoding putative accessory proteins. Genome 
organisation has been a useful taxonomic tool since similarities of genome architecture appear to be the 
result of significant evolutionary events that provide resolution between the genera and species levels. 
The inclusion of new rhabdovirus genera and of endogenous rhabdovirus elements will likely facilitate a 
deeper understanding of rhabdovirus evolution and allow further refinement of Rhabdoviridae taxonomy 
in the near future.  
Within the family there are well known "classical" vertebrate rhabdoviruses such as VSV and rabies 
virus that have been studied in great detail for many decades and serve as model systems for elucidating 
the molecular mechanisms of rhabdovirus replication cycles in host cells. In contrast, there are also many 
novel rhabdoviruses discovered very recently using next generation sequencing, for which the genome 
sequences are known but most biological and ecological features remain to be elucidated. Those 
rhabdoviruses that are economically important pathogens in their respective plant and animal hosts have 
received the most attention, in many cases leading to extensive knowledge of their molecular biology, 
pathogenesis and host responses, as well as geographic and host ranges, ecology, phylogeography and 
evolutionary histories.  Thus, the nature of current research efforts with different rhabdoviruses varies as 
much as the viruses themselves, providing promise of important discoveries on many levels in the future. 
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Figure legends 
 
Fig. 1. A. (left half of figure). Schematic representation of rhabdovirus particle internal structure. 
The single-stranded negative-sense genomic RNA is encapsidated along its entire length by the 
nucleoprotein N. Associated with the L polymerase and P phosphoprotein, transcriptionally-
competent nucleocapsids represent the minimal infectious unit of rhabdoviruses. During virion 
maturation the nucleocapsid is condensed by the matrix protein, and this complex ultimately 
buds through host membranes to acquire the lipid envelope and transmembrane glycoprotein 
present in mature virus particles. B. (right half of figure). External virus particle appearance. 
Negatively-stained particles appear striated when examined by electron microscopy. 
Glycoprotein spikes decorate the surface of virions and the central cavity fills with stain which 
contrasts the space occupied by the matrix-protein condensed nucleocapsid. C. While A and B 
together show the “rhabdoid” or bullet shape typical of rhabdoviruses adapted to mammalian 
cells, the virions of plant-adapted rhabdoviruses are typically bacilliform in shape, represented 
here by a dashed line. 
 
Fig. 2. Schematic representation of the 3’ to 5’ genome organization (negative-sense) and gene 
expression of vesicular stomatitis Indiana virus (VSIV, genus Vesiculovirus). VSIV genome 
encodes the following five canonical rhabdovirus proteins: nucleoprotein (N), phosphoprotein 
(P), matrix protein (M), glycoprotein (G) and large protein (L, polymerase). The genes are 
sequentially transcribed presumably through a “stop-start” mechanism, resulting in a 3’–5’polar 
gradient of mRNA production (N>P>M >G>L) (see section 3). 
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Fig. 3. Comparative genome organization of representative members from sixteen genera of the 
family Rhabdoviridae (Dietzgen et al., 2011; 2014, Walker et al., 2015). The five canonical 
structural protein genes (N, P, M, G and L) are shaded in different colors. Other genes including 
movement protein (MP), viroporin (VP) or viroporin-like protein (VPL) and unknown function 
protein genes are shaded in grey. Several overlapping and consecutive ORFs (>150 nt) within 
each transcriptional unit are also shown with dark color (see Walker et al., 2015). The 3’-leader 
(le) and 5’-trailer (tr) regions are not scaled. Virus names (abbreviation of the member of type 
species of genera) and Refseq numbers are shown. Asterisks indicate proposed genera. 
 
Fig. 4. Phylogenetic relationships of members of the family Rhabdoviridae. The tree was 
constructed by the maximum likelihood (ML) method as described previously (Kondo et al., 
2015). The entire L polymerase sequences were aligned using MAFFT 7.0 (Katoh and Toh, 
2008) under default settings and ambiguously aligned regions were removed using Gblocks 
0.91b (Talavera and Castresana, 2007) with all the options of less stringent selection. A model 
LG with + I + G + F was selected as the best fit model using PhyML 3.0 (Guindon et al., 2010) 
with automatic model selection by Smart Model Selection (SMS). The resulting tree was 
visualized with the FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/). Numbers at the nodes 
indicate aLRT values determined using an SH-like calculation (values less than 0.9 are not 
displayed). Virus names (the member of type species of genera and other selected unclassified 
rhabdoviruses) and GenBank/Refseq accession numbers (within parentheses) of L proteins are 
shown. Distantly related rhabdoviruses (group 1 to 6; n, number of sequences) that formed 
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monophyletic clades, probably establishing additional genera in the family, were collapsed into 
a black triangle. The names and accession numbers of these viruses are shown below the tree. 
 
Fig. 5. Comparison of the infection cycles of nucleo- and cytorhabdoviruses in plant cells. 1. 
Nucleorhabdoviruses are initially introduced into plant cells via a mechanical breach of the cell 
wall by insect vectors or experimentally by abrasion. The introduced viral ribonucleoprotein 
(vRNP) is imported into nucleus due to interaction with the nuclear import receptor importin-
alpha. 2. Within nucleus the vRNP establishes transcription of poly(A)+ transcripts that are 
exported from the nucleus. Translation of the viral mRNAs in the cytoplasm produces proteins 
that are imported into nucleus where they aggregate to form the nuclear viroplasms where 
replication occurs (VP). 3. Nascent nucleocapsids are condensed on the perimeter of the VP, 
which is enriched in the phosphoprotein (sonchus yellow net virus,  SYNV; Goodin, 
unpublished). 4. Matrix protein condensed nucleocapsids bud into the perinuclear space where 
mature virions accumulate. In the case of SYNV, the inner membrane of the nuclear envelope 
(NE) invaginates into the nuclear VP to form virus-containing spherules. 5. Mature virions do 
not move cell to cell, but may be transmitted to other plants via insect feeding. The vRNP exits 
the nucleus using the nuclear pore complex (NPC). In the cytoplasm the viral movement 
complex (vMC) is composed of the vRNP, the viral movement protein, and host factors, which 
are trafficked towards plasmodesmata (PD) on microtubules (MT), resulting in cell-to-cell 
spread of the virus. 6. Cytorhabdoviruses are introduced into cells in a manner similar to 
nucleorhabdoviruses, but carry out their replication cycles in the cytoplasm. 7. Transcription 
and translation of cytorhabdovirus vRNPs produce the protein pools required to form 
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cytoplasmic VPs for replication. Condensed vRNPs mature in cytoplasmic proliferations on 
endoplasmic membranes. As above, mature virions do not move from cell to cell, and 
cytorhabdovirus vRNP are expected to traffic to the PD via a similar vMC mechanism. 
 
Fig. 6. Phylogenetic relationships of the N (CP) proteins of varicosaviruses, cytorhabdoviruses 
and rhabdovirus N-like sequences (RLNSs) identified in plant host genomes. The ML tree was 
constructed using PhyML 3.0 with a best fit model “LG + G”. A part of this analysis was 
reported by Chiba et al. (2011). The accession numbers of rhabdoviruses and plant RLNSs 
(RLNS1, 2 and 4) are shown next to the virus or plant species name in the figure (within 
parentheses). Analyzed sequences were from 13 rhabdoviruses (varicosa- and varicosa-like 
viruses, cyto- and unclassified rhabdoviruses), 2 varicosavirus-like-contig sequences and 12 
plant RNLSs (Chiba et al., 2011). Numbers at the nodes indicate aLRT values (values less than 
0.9 are not displayed). 
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